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Abst racl

Rccxmt dcvclopmcnts jn }iig{h tcmpcwaturc Cleclrostatic levitation
tcxhno]ogpy for containu]cxs procnsing of mdals and alloys js dcmribcd.
‘1’his js tl]c first dcvnonstraiion  in wl]ich metals and alloys can bc lcwitakd
a n d  mdtcd in vacmum, Thc s~]])c]l]cati]2g-l ]]3(lc].coolillg-l.  ccalescC]lcC
Cydcs  can bc rc. pcatcd w h i l e  majniainjnfl g o o d  }Josjtjoning  stabj]jty.
l~csidcs providing goocl positioning stability ancl an o]xm sample view, the
]nmcnt Imitator is capable of varying samp]c  tcmperaturm wi thou t
affecting the lcwitat.ion. “J’his ])apcr also dcscribcs the general architecture
of the cxpcrimcmta]  hardware an(] software, sam])lc heating and charging,
and the o])crationa]  ]JrocccluI.c. ‘1’hc systcm  performance is dcmonstratd
by showing multi]dc  sll]-)c].llcati]]g-~ ]]](lclco()lillg-] -ccalcsccllcc C@cs  in a
zirconium samp]c  (’1’1-11= 2128  K). While the prcscni levitator js orimtcd

toward  grclund-basd c)])cration, jt is ])ossiblc 10 mtcnd it for a])]) libations
in microgmvity.

I NASA- NI<C l{csidcmt IWscamh Assmiatc
I ~ IXq)artmcnt  c)f l~;nginccu-in~, 1 larvcy Mu(ld CollCgc, Clarcmcmt, CA

‘Jlc studjcs o f  tl]c].]l]o])llysi(::~l ])ro])crtics of undcrcoolcd liquid
states, nucleation kindics. and the production of various rnctastab]c  phases
i n  diffcrcmt matmja]s c)ftcm require the ])rocmssing of materials in a
mntaincr]ms cmvironmcni. ‘l.l-IC C]cctrc)static lcwitator dcscribcd i n  t h i s
palm< provides the capability of su])crlicating,  undcrcooling,  and solidifying
metals and alloys in a clean (COJ-Jia CtlCSS and high vacuum) and quicsumt
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1.1

C!nvil”ollmcnt. ‘1’his ICvitator  i s  a n  Cxtcnsic)n of the onc
dcxm”ibcd ) in whit% sample lcwitation was ]imitccl to low clcmsi
at ambicmt conditions,

‘1’hc ]jI-CXCmt llig}l-tclll])cl<at~lrc, high-vacuum, dcctrosta
(1E3.) has scnwal  important advantages ovm the dcxtromagnctic  lcwitatol-
(ICMI.)2,  the only altml)ativc {cd~niqu~ having similar capabilities: (i) ‘1’hc
1SS1. can, in ]wincip]c, ]cwitatc a bread range  c)f matcxials,  induc]ing  mdals,
sclllico13cllllCto)-s and insulators. sincx maintaining a sufficicmt surface
Charge o n  the sanll)]c  i s  the clnly mquimncmt tc) gcnm.atc a lcwitation
fc)I.cc. III Cwntrast,  matmials that the EM]. can lcwitate am limited primari]y
tc) dcxtricm] Conduclox. (ii) in a.n ICSI,, samp]c  heating ant] lcwitation clo
not intcrfcm  will] cad) othm. so that t]] c sam]dc tcmpmatum can lx variccl
OVCI- a  wicle Imnge; w h e r e a s  tllc clcctl.c)l~~a[{~~ctic field in an EMI. is
intrinsically Couplet] to sam])]c  heating, which l i m i t s  the lowest
tcmpcxatum it can attain for a givcm sample clmsity. (iii) “J’hc ]XJ., through
Cmploymcmt of fmdbac% Cc)ntrol, ]wovidcx quicmcnt.  posi t ioning cluring
sam})lc ])romssing: whe).eas  a mc)llcn samp]c  ]Cwitatccl b y  a n  EM1: i s
sul>jcwtcx]  110 strc)ng intmnal flow whidl may cause scwcm shape distortion,
])l-cwcnts accul-atc  icmpcratul-c IIIC:iSIII=CIIICIItS, a n t i  pcr}]a])s Causes
})l-cmaturc nudcation, thcmfom ~)mvcnt,ing Clcc])m. undcmooling.  (iv) “J’hc
14X1. ] )Imviclcx a mcmc opcm vicnv; whcmas the ICwitaiion ant] hinting Cc)ils in
an lLM1. arc dc)scly  wound around the ICwitatcc] sample, scwcm]y mstriding
access 10 the diagnc)stic  instl.  umcnis. 1 lC)WCVCI., the 12S1. do t s  Yequim
cithm a IIjgh vacuum c)I. a high ])1.cxwum Cnvirc)nmcmt in ordm  for a  h igh
Clmtl.ic ficlcl to h applicc] without causing gas brcakclown.

‘1’llis ])a])cu. describes the p r inc ip l e s  c)f dcctrcxtatic lcwitatic)n, t he
m] m.immlla] hardware and soft warn, sanl])]c charging,  ant] ihc c)puational
])l”occ(]urc. “1’hc systcm  is dcmlc)nstI.atCd by showing results c)f zirconium
undcl.cooling  Cxpm-jments.

Sincx a tl-ll-cc-clil-llc)lsiollal C]cctl-ostatic
e x i s t  (Itarnshaw’s thCC)I-Cm3), dcctrc)staiic
])ossib]c with an actively  Cent IollCd ap])licx]

?.

l)otcmtial minimum dots not
sam])lc ])ositic)ning is only
dcctric ficlcl. III our systcm



this was accom])lishcd  using a fcc~ll.)ac]~-collirol whcmby  any deviation in
sanl])le ])c)sition from a ])l-CSCt ]msition was automaticall-y cowcctcd. Fig. 1
shows  a schematic dia~ram of an electrostatic levitator with onc-
dimcnsiona] cent I.ol Ca])abi]ity. It cm])loys a single-axis ~)osition COntI-Ol
along the vertical direction to ovcrcomc the gravitat.ions] accclcration,  g.
‘1’hc CI+I-OI. bctwccn the vertical ])osition and the ])rcsct  z-coordinate is
] )l-occsscd by a computer (according to a fccclback algorithm]  to ~cnm-atc a
contI.ol signal  and a]-qdy it to ihc top dcctrodc to ma in ta in  tljc sam])lc at
the ])rcsct position. “]’]Ic force-l~:llancc equation for levitation when the
samp]c  is ])osiiioncd  at tljc ccntm c)f a ])ail- of infinite ])arallcl clcctrc)clcs  is
given :~]>])l”c~xi]llatcly by:

mg ~ Qsv/1., (1)

where m is the mass of the sanjp]c  carrying a charge Qs, and V is the

vollagc  (ii ffcmncc bctwccn  the two clcctrodcs  scparatd by a distance 1..
1“01” @s :0.69 X1O-{] C, ]n = 140 mg, an[l 1. = 10 mnj, V is a])proxinjatcly -10

kv.
As explained in mfcrcnce 4, tljc Cl CCt I-Od C an-an ~cmcnt  shown in

lrig. 1 ])1.ovidcs  a two- dimcnsiona]  pc)tcntia]  wdl in the horizont  al direction
wlIcn it is o]m-atcd
in ihc mic:mp;ravity
mist and the ICS1,
cent I”ol mctho(l.

in the ])rcscncc  of a gravitational force on ILar[h, but
cnvimnnjmt of space such a potmitial  well dots not
would require a different dcclrodc arrangcmmt and

~]Iq~,xJIGziII~,cIIII\l_  I Iardwa]g

A scllcmatie diagram  of tlIc ]) I+CSmt ljigh tcll~])cI<at~ll-c/l~iglj vacuum
electrostatic levitator is shown in l~-ig, 2, and a ])hotograph  of the vacuum
chambm with a salj~p]c being levitated l.)ctwccn a ])air of clcctrodcs is
shown in ldg. 3. ‘1’he dcctI”o(lc assembly  is ]msitioned at the Cxmtm of the
Chaljjbcr  and al] the ncccssa]y cquip]ncnt for lcvita~ion, heat ing,  an(l
diagnostics arc located around the chan]bcr. ‘]’]lc c]lanl]j(:]” is cvacuatcd  to

5x 10-8 ‘1’oII by a vibration-free magnctica]lyan ultilj~at c vacuum of



suspcmdcd  tll]<l>o-li~c)lcc~~lal< pump (C)saka moclc] “1’1 1250M) backed by a
roughing ]N]m]) (I)aniclson  mode] “1’JI 1 O()),

‘J’]]c clcdroc]c  asscmb]y  USCXI jn the pmscnt  ]cvitator  has two pairs of
s i d e  clcctrodcs surrounding t h e  l)ottom clcwtrodc (Ng. 4 ) .  lJaml~ing
voltages apl)licd on these side dcctrodm pmvcnt  sam])lc oscillation in the
latmal dimdion. “J’hc hole at tl)c ccmtcr of the bottom clcctrodc  allows
across to the samp]c stc)~-;~gc -lllalli]-) ~~latio]] system locatccl below the
clcdl’odc. ‘J’hc systcm can stem u]) to 12 sam])lcs in a camusc]  insjdc  t}~c
high vacuum ch ambcn-. It contains a sam]dc mcovmy systcm  so tljat if a
samp]c  should d]-o]) out of the 1(;S1., it will land in a cmamic  Cone, roll to
the cmtu, ant] from thcm can bc lifted back to ihc 1{;S1. 01” lowcn-cd into
Ihc carousel. All of thcsc adicms  can he acxomplishd w}]ilc maintaining a
high vacuum  in the chamber.

‘Jlvo orthogonal IIcNc
posjtion  dctcdo]-s  provide the
Hscd by the IIlicl-occ)lll]llltc]- to

l a se r s  (30  mW each)  tc)~cthm wjth two
3- dimmsiona] position information which is
gmlcrate a fcdbadt signal. A Macintosh IIfx

compute]- and 12 bit A/IJ, lJ/A cards wuc used for data acquisition and
position contro]. “J’hc com])utcr  is cqui])pcx] w i t h  a  Motorola  50 Mllz
68030 II]ic].c)])l-occssor and 68882  floating point  math cop]. occssor.  ‘J’hc
12 bit A/I] and n/A cards from National lnstrummts fjt into tllc Nubus
jllsjdc the Com])utm-. “J’hc thrm ]msit ion signals (produccc] by the two
OI’tllogo]lal]y -])ositio]]ccl detectors) aI-C fcd into t}lc computer through an
A/I] card, and afte,r going through lhc cent I”c)l routine thc thmc out])ui
signals al-c sent to the high voltage am])lificm throu@ a Ii/A cad. ‘J’l~c
posjtion scnsitjvc clctcctors (I IAMAMA’J’SU  m o d e ]  C2399-01 ) arc
commm-cia’lly availab]c. “J’his ty})c of dctccto]- is nonnal]y  USCX1 for sensing a
b]-ight image on a dark background+ ]n this systcm,  lIowcvcr, duc to the
xenon lamp light  (used for hcatinp) which bl-igl)tly illuminates tl]e chambm
and the sample, t]] c-y arc bci]]g usd i]”] a rcvm-scd n] odc (dark jmagc on a
bright  background). “J’his was accom])ljs}]cd  by adding a collimated 1 ICNC
laser beam in the background and attaching a matching narrow band filter
in front of the dctcdor to ])ass only the light of the lasm wavelength while
stop] )ing the light coming fmm the xenon lam]). ‘J”hc computcx  mnvmts
the dctcdor output to the actual  sam])lc ]Josition.

Sam])lc healing is ])1.ovidcd by a 1 - kilowatt UV - rjch llip;ll-])l-csslll-c.
xc.non am lamp (11.C, ]notlcl 1.X 1000C~l~).  ‘J’hc radiation ])]-oduccd by the
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bulb ~s roughly  colljmatcd intc) a 5 cm beam by a pmabolic  mflcctor  at the
back of the bulb }lousing. The ham is then focused by a 7.5 cm focal length
fused qua]-iz lens into a small s])ot in ol-clm to maximixc the light flux on
the sample. Since the beam ol-iginatcs from a finite discharge gap bciwccn
the anode and the cathoclc and not from a point source, the focused spot
sjzc COUIC1  not bc rcducccl to lC S S  tl]an 5 mm. Fused quartz was usccl in
o rde r  to transmit Ihc UV co]n])c)ncnt of the xenon beam for samp]c
Cllal.ging v~a the photodcctric cffcd. (Sam])lc c h a r g i n g  by UV will  bc
dcscribcd  IIC1O W,) A fused c]uartz minor, 7.5 cm both in diamctm- ancl in
radius of curvature, is placed ol)}msitc the lens, ‘1’his ]nin.or collcc.ts most
of the xenon ]ight beam that misses the sample. ‘1’hc tcm])craturc  of a 2.5
mm diameter zirconium sphcm  could bc varied from mom tcmpcraturc to
2270 K by a(ljusting the iris in front of the xenon lam]). Without the
)nin.or, the maximum tcmpcratum could not cxcccd 1750 K.

‘1’hc samp]c  tcm]~craturc  was mcasumd using a home-bui]t singlc-
CO1OI. pyrometer which was constmctcd and calibraiccl  according to the
])rcscriplic)n pmviclcd by 1 lofmcistm  ct al. G . “1’hc ])yIomctcY Collects the
radiative power emitted by a well-clcfind ama on the sample surface into a
cmtain sol~d angle and over a small wavdcngth range (1 O nm band width
at 658 mN wavclcngtll). Givm certain assum])tions about the sample’s
directional s])cctral  cmissivity$ t h e  collcctcd  I>OWCI-  can  bc convmlcd to
sam])lc tcnl])craturc thl.ough l)lanck’s cql~ation for the s])cctra] distribution
o f  cmissivc powcI. i f  tl)c ])yromctc.)- out])ui col.1.cs])onding to o n c
tcml)craturc is known, tyl)ical]y  a t  the  sam]]]c m e l t i n g  ])oint.  14’0].
zil.conium, the  ra])id incrcasc in tmj]jcratul.c to the melting ])oint as a
rcsu]t of :rccalcsccncc  provides an easily l-ccognizcd  rcfcrcncc point,
a l l o w i n g  the tcm])cl.aturc to bc calct~latcd  a posicriori for t he  en t i r e
Undcrcoo]ing Cx]lc].imcnt. ]Jaia acquisition was by a Macintosh ]] Computm
with a  N a t i o n a l  lnstrummts A/l] col]vcrtcr. ‘1’hc driving softwa]-c
automat ical]-y mcognizc. s t hc rcfc.1’cnm t cmpcrat  um, ‘l’I.Cf, by searching for

the rapic] incrcasc in the ])yromct.cr out])ut  associated with rccalesccncco
It then calculates t}lc tcmpcraturc for the cntim  cxpmimcnt and provides
a ])lot of Icm]matum vmsus time. ‘J’hc })crccntagc of undcrcoo]ing and
othm important paramctms arc also coln]mtcd and dis])laycd.

A  dose-u]) v iew o f  tllc sam])]c  w a s v ideo taped  d~~l-ing the
Cx])cl.inlcntls using a camcm  with a tdcphoto ]cns,
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“1’hc amhitcdum of the position control  soft.waw. is shown in Fig. 5
in a flow-chart format. “J’hc software is divided into two grou])s:
lr(llUCGl{ol.lNI~ and l~ACl<Gl<C)UN1l. “1’hc fomgmund tasks consist of the
Sm<vo control  and the data collection that mquim sync}lmnizcc] operations
with highest ]jr~ol’ity. ‘]’hc backgmun(]  taskS  consist of a uscl” jntc!rfacc,
in])u{s from a keyboard and mouse, and graphics ,  which am g i v e n
secondary pl.iority.  IJata film can alsc) bc cmatcd  and saved onto the hal.cl
cll-ivc through the background mode, ‘J’hcsc two mmlcs c)f opmation am
Inadc })ossiblc by the use of the intcrl-upt rcc]ucst  c a p a b i l i t y  o f  the
Madntosh  computer. When an jntcnwpt signal is jssucc] (from an cxtcmal
]-)l.og].allllll:ll>lc pu]sc gcncratol-) t h e  com])utcr sets aside background
routines, stores the ])mscnt  state of its mgjstcrs in to  memory ,  ancl
launches the fol.cground routine. lhll’lJlg the fomgrounc] l.outjllc,  t h e
])osition information is collcctcd from an A/n, the control algorithm js
computcc],  a pmpm smvo cc)ntm] value is sent c)ut through a I>/A, and a
single frame of data is collcdccl into a spccifid mcmmy  buffcl-. Aftm the
foreground routine is succcssful]y  cxccutcd,  the cc)m]lutcr recaptures its
])rcvious  rcgistcl- valucs and continues with its background task, ‘J’hjs
])rmcss is set into a continuous 100]) with an intcrmpt frequency of 480
1 lx.

‘1’hc vertical axis servo control Iltilizcs  the commonly  used  l’11~
(l>l.o]>ol-ti[)l]al, IIltcgral,  IXu-ivativc) algol-ithnlG. Since the horizonta]  ])lanc
has a ])assivc ]]otcntia] minimunl  it dots not nc)mlal]y rcquil-c an active
fcdback control. in vacuum, howcvm, Iherc  is no gas medium to damp
out })orizollta] oscillations, so a llm.lzontal contmllcr,  consisting of two sets
of side clcctl.odes, was used to ])rovjdc latcra] damping, “J’hc vmtical
COnt J+Ol i s  cxccutcd i n  Cvm-.y 100]) Whc]-cas the horizontal control is
cxccutcd  tcn times slower, ‘J-he actual stability of the sam])lc has been
found  to depend st.mng]y on vibrations f]om the flool-. A stability bcttn
than 2(1 pm was achicvcd fol. a 3 mm sample with a specific dmsity of 8,
carrying  a (constant c}iargc.

“1’hc user intmfacc consists of kcyboal-d and mouse in])uts and a
graphics dis])lay, ‘1’hc keyboard and mouse arc used fo]- entering scnw  and
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othm necessary ])aramctm-s for pmpCJ- data acquisition, It can, thcmfom,
intcn-upt tlhc loop at any time. although the SC]’VO-1OO]) }Ias a high ])riority.
‘1’hc graphics dis])lay consists of sam])]c ~)ositions, control  voltage outputs
and tmlpcratu]-c readings (Irig. 6). “1% c pmgq.ams wcm vmitt cn in ihc ‘C’
l anguage  cxccpi  the intcrmpt handler mut.inc  which was written in
assembly Code.

Sample c.halging is a mitical  part, of clcct~ostatic  positioning. ‘1’hc
amount of charge on lhc sam])]c su].face dctcnmincs  the positioning form
that can Ix im])artcd on the sam]]]c with a given electrostatic ficlcl, ‘J’hrcc
charging methods that arc mlcvani  during diffmcmt phases of ])mccssing
have been cmployd: ca])acitivc, photoclcdric and thcnnionic chal.gingo

n. Numcr}cal  Analysis of Capacitive CMirging

A gc~~c]-al-])~ll.l~osc t}~l.cc-(lil~]cl~siol~al com])ulc]. mode] was crcaicd
to dctcnninc the ~)otcntial,  charge. and fomc distributions on a sample in
an clcdrostatic. lcvitaior,  Sinm an analytical solution of this systcm  with
arbitrary sam])lc and clcctI.odc gcomctl.jm is impractical, this moclc] uses a
numcrica] finite-diffcrcncc appl.each. ‘1’l]c potcntia] ancl c h a r g e
distl.ihutions  al.c Obtained using a Mu]{igl.jd Method SO] VC].7 and the forces
on the samp]c  arc derived from these CIistl.j}:)lltiolls, “J’his mode] allows us
to evaluate and optimize diffmcl)t clcctlocle configurations for the levitator.

‘1’hc relationships bctwccn the ])al.amctcm (c, g. sample size, position,
density, charge. fomcs, ancl elect].odc potcntia]s)  that are obtained from
this mo(id  arc shown in 1~’igs, ‘/ and 8 to give some insights into this
systcm.  III all of the cxam])]cs tl)c levitator consists of cimulay  top and
bottom disk  clcctrodcs, Sc])al’atcd by 8 m m , wi th  the  to]) clcctrodc
conncctcd  to a 1 IV amplifim while fhc bottom clcctmdc is gmllndcd. “1’hc
sam])]c was assumed to bc sphmjca]  (see l~ig. 9(a)).

l~ig. ‘Z(a) shows the to]) clcctrodc  ]jotcntia] as a function of samp]c
densi ty  and diamctm - at the molncnt  of launch. “1’llc c.orrcsponding  induced
cl] al”gc on f hc samp]c  is shown in lrig[. ‘1(b). “1’hc top clcctrc)de. ])otcntia]
ncc(lcd to IIcvitatc the sample lnidway bctwccn the clcctrodcs is prcscnicd
in lrig. 8, where the sample is assulncd to have ~ciaincd  the charge
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acqujrcd  at launch. l“or example, a sample with a dcnsjty  10 and diamckr
3 mm whjch js jnjtjally  placxxl at the ccntcr of the bottom  Clcctl”odc (Rg.
9(a)) will jump off the bottom clcctroc]c when the top clcdrodc voltage
rcachm = -14,5 }(V (frolil IOg. 7(a)) and carry  an jnducccl charge of -0.8 n~
(from l~jg. 8), and when tllc sam~)lc is levitated midway bctwccn the
clcctl-odes the voltage will bc -- -13 kV (frcml Fjg. 7(b)).

b. Qua]htivc Analysis of Phoioclcctrlc, Thcrmionie,  md Surface Ionization
charging

Whcm a cold sample is launched with jnitjal  charge Qs, jt rqujrcs a

subjcctcd t.o the val-jous c.hargjng mcchanjsnls mentjonccl above. When the
saml)lc is heated by a focused xmon lamp beam, the Uv Componmt  Cjccts
dcctmns not only from the samp]c  but also from Sun-ounding  materials as
a result of reflection and scattering. Surface ionization of outgassing
nlatcrials8  causes loss of sample charge. “J’humionjc emission of electrons
occurs at clcvatcd  tcm])craturcs. ‘J’hc equilibrium c}]argc of a levitated
samp]c  is established thrc)ugh the balance of electrical cummts flowing
bctwccn  the samp]c  and clcctrodcso

CXmsidcr the case in which the sam])]c has rcac}~d  a steady-state
tcm])cratulc and is positional bctwccn the top clcctrodc  (at a negative
])otcntia] V) ancl the bottom Clcctl-odc (grounded). A current 1]) (taken to

bc ])ositivc for Clcctrons leaving the sam])]c) flowing from the samp]c  to
the bottom Clccil.odc may bc Cx]nxxxxxl by

(2)

where V~ is lhc samp]c pole.nlia] and R ~, is dcfincc] as  the  equivalent
resistance for flow of charge from the sam]dc to the bottom clcctrcdc: I\)
dccrcascs  with increasing xenon lamp intcnsiiy. It also dccmascs with
incmxwing ,samplc icln]lmaturc duc to tllcunionic emission of electrons.

Simil(arlcy.  ihc cummt flowing fmm tlic to]) clcctroclc to the samp]c
(taken to be positive for clcctmns leaving the top clcclrodc) is



1 ,, =- (Vs -  v)m,, (3)

Whcll! 1<11 is dcfincc] as
the top C!lcctl-odc to the

jntcnsity and jncmasing

the cquivalmt resistance for flow of cun’cnt from
sam]]]c; 1$1 dcmcascs with inmcasing xenon lamp

positive surface ionization of outgassing matcria]s.
‘1’hc present s i t u a t i o n  m a y  bc rcprcscntcd by an ccluivalcnt

resistance- capacitance circuit (Fip;, 9(b)) where Cll and Cl] am the mutual

ca])acitanccs  bctwccn  the samp]c  and the to]) and the boti.om clcctrodcs,
mspcctivcly. ‘J’hcmforc, the samp]c charge is given by

(2s ‘“ ‘cl], -  c),,
== Cl)vs  - C1l(V-VJ

=- (cl) -1 C,,)vs - qv. (4)

S]”)h(!l”iCYI] 211)_Id has C! S~ab]i Shd a fS~fXldy  s~a~c d]al”~~ Whi]c jt is ]cvi~atcd
mjdway bcl.wccn the clcctrodcs  (so that {:]) == Cll s (:), then the solutions of
t h e  c q u i v a . l e n t  circuit for tllc sam])lc  chal-gc, Qss, and the rcquimcl
levitation voltage, Vf, am given by:

%?
l-a

:“ lngl .C
110,’

(5)

and,

wit h

mgL 1 -1 (xvf~=--c  -

, l-u’
(6)

“J’hcsc two equations al-c plotted in l~ig. 10. Notice that the samp]c charge
holds its largest value, {mgl. (;, wl]cn u = (), requiring the lowest clcctmdc
voliagc,  a n d  the sample holds  no charge if a = 1, rcquil-ing an infinite
Cl CCt I-Od C voltage. ‘] ’]Iis means t}]at in ordc]- to maintain a sufficimt  charge
for levitation, c)nc must cont]o] 1<11 and 1<]) so that a is ‘sufficimtly  small’.

At high tcmpcratum the thcrmionic emission dominates, thus easily
satisfying this l-c(lllil-(:lllcl-lt, “l’hcl-cforc, t h e  ma~or conccm
lcvitat  ion may arise in Ihc lower tcm])crature range whcl-c

g

for sample
thcrmionic.
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emission is insignificant and the samp]c  charging  dc])cnds  solely on the
relative magnitude bctwccn  the (chal-ging)  photoelectric cunscnt and the
(discharging) surface ionization cun-cnts. “1’hc effect of outgassing  can bc
NXIUCXXI  by allowing mom gradual outgassing as the sam])le tcmpcraturc is
raised mom slowly.

Up to 12 clean sam]dcs  Wc]-c loaded into the sample Mo]-agc camuscl
and tllc chamber cvacuatcd to -1 ()-‘] ‘1’01’1’. “1’hc position control  sc)ftwarc
was tumc(l on and the appl-opriatc  set position and 1 ‘G, 11~~, and IG gains
WCN keyed in. A ‘1’rck 20 kV amplifim  (mode] 620A) was used for the z-
axis contm] and two ‘J’rck 10 kV am])lificm (model 609A) WCI-C used for
the x.- and y-axis clamping. As soon as  the  top clcctrodc rcachccl a
threshold voltage the sam])]c Jumped away from the bottom clcctroc]c
toward  the set })osition.  Minor acl.justmcnts to the gains ancl set ])oint were
then made to establish the most quicscmt levitation conclitions.  ‘J’hc
stability was typically better than 20 Jlm at this J)c)into

‘J’hc j,].js  ill front of the xcnon lam]) was tllcn opcnccl gradual]y  while
the levitation voltage was being mcmitorcd. CMangcs  in the sample c}largc
Wc]<c manifested by con-csponding  changes in levitation vo]tagc according
to lk]n. (1), If a substantial charge dccrcase  OCCUrJ-Cd, t}lc iris was a(lJustccl
so that the rcquimd cent)-o] vo]tagc rmnaincd  within the range of the high
volt agc aml)lificrs  (:I 20 kV in Ibis case), As t}ic samp]c  charge changed
during heating. the control gains were frcc]umt]y  a(ijustcd in order to
maintain the best ])osition stability.

Clncc the sam]~]c melted and rcacllcd the desired su])cr-heated
tcmpcratul-c.  it was ready for an undcrcooling mpcrimcnl, in a vacuum
Cnvironmclnt the change in internal energy of the sam])]c is cqua] to the
diffm-cncc bctwccn  lhc heat arl.iving from the xcnc)n beam and that lost
duc 10 radiation:

10



pvcl,dmli = Q,, - AC)+’4 - ‘1’$), (8)

where p is the sample dcnsjty,  V js the volume, Cl) is the heat capacity, QI1l

is the heat duc to the beam, A is the sam})]c smfacc area, cs is the StcFdn-
IJoltzmann constant,, c.,. is the total  hemispherical cmissivity,  “1’ is the
sample  tcmpcraturc, and ‘I’b is tl)c b a c k g r o u n d  tcm])craturc. ‘1’his

formulation assllmcs that the backgrour]d  acts as a blackboc]y, which is true
in most cases where the samp]c chamber is much
‘]’hc steady state Icmpcraturc$  “J’f, is then given by:

‘J’r = (Qi,JAcx -I ‘J’k:) ] ‘4 .
If the xenon beam ~s turned off, then Qill=- O in
to “I’b duc to radiative cooling. 1(’ig. 11 s}Iows a

larger than the sample.

(9)

Eqn. (8), and ‘1’f will decay
]-)hotogra])h of molten clrop

of zirconium (dcnsiiy= 6.49 g/cm3)  being lcvitatccl at ‘l-f = 2250 K (1 20 K

above its melting tCmp CratLII-C) in the Prcscncc  of a heating beam. The
sam])]c diameter was a])proximatcly  2.3 ~ilm, “J’hc highlight spots seen on
the samp]c  djsappcarccl  when the beam was turned off. Fig. 12 shows a
tcm]>craturc  versus time curve of Il]c salnc  sam])lc whm the heating beam
was suddcn]y removed at the saml)le tcm]>craturc of 2250 K. 1 ;cforc the
beam was removed the Pyrometer was strongly influenced by rcflcctcd
radiation, showing a high ]cvcl of noise as seen at the beginning of the
cul”vc!. ‘J’hcrcforc, Ihc tcmpcrat~~rc rcacling is inaccurate whi]c the lamp is
on. As sooIn as the beam is blocked t}]c sample  underwent radiative cooling
accorc]in~  to  Eqn, (8) ( w i t h  Qi,l= O )  u n t i l  rccalcsccncc occurrcc].
Rccalcsccncc  is marked by a sudden incrcasc  in tcmpcraturc to its melting
])c)ini as the sam]]]c rclcascs its latmt IIcat, “J’hc liquid-solid cocxistcncc
}>criod lastccl f o r a])]) roximatcly 0,3 s e c o n d s  b e f o r e  t h e  samp]c
tcnl]mraturc dccaycd again. ‘J’hc data ])rcscnted in this figure was obtained
by digitizing the ])yJ-OmCt.Cr output at 1 k] Iz,

5“L inc. c (’l’/’l’b)o >103 d u r i n g  t h e  undcrcoc)ling  ])criod,  c)nc c a n
integrate Eqn. (8), assumin~ ‘l’b = O and pVCIJ/3AOC..1.:=  constant, to give:

t - tO= (pVCl)/3AOCrl.)r l’c) - ‘3 ““ ‘1’”% (lo)

11
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jn l~ig. 13 confirming a linear rclat ionship,
“1’hc ES], a l lows convenient  repet i t ion of  the  supcr}lcatjng-

Illlclcl”coolill g-x-ccalcscc]lcc  cyc]c. “J’his allowccl t h e  undcrcooling
tcmpcraturc for the salnc  2.3 mm sample of zirconium to bc mcasurccl  for
over 100 cycles in about two hou]-s. Fig. 14 shows the normalized
cumulative clistribution  of nucleation events (nc/N.l.) versus the Pcrccnlagc

c)f undcrcooling.

A lligl~-tcl~~]~cl. at~lrc/l~igl~-vac~ ~~~l~~ electrostatic levitator has been
constructed for contain cr]css  materials processing, An ulidcrcooling
cxpcrimcnt  with a zirconium sam]]lc clearly demonstrates the capability of
the systcm  to levitate a clcnsc mat,crial stab]y at hjgh tcmpcratum. We have
also dcmonstrat.cc]  a control c)f tcm~mraturc  wjthout  affecting the position
stability, and an c)pcn view of the sam])]c for diagnostic mcasurcmcnts.
‘J’hcsc capabi]iiics will mab]c a wide ran~c  of cxpcrimcnts, which were
IIithcrto  im])ossib]c, to bc conducted on the gmuncl.

So far wc have successfully melted and solidified numerous samp]c
lnatcria]s, including (melting tc,m])craturm  arc shown in parenthesis): in
(157 “C), Sn (232 “~), 1 ~i (27 1.44 ‘)(}), 1’1.) (327 “C), lnO.69w?40Sb (492,5 OC),
Al (670 ‘C), Gc (938C “C), CL] (1 083 ‘C), Ni (14!55 C) C), ant] Zr (1 855 ‘C). In
the case of zirconium wc have complctcd  more than 400 quantitative
unclcl.cooling cx~)crimmts. 1 ]Owcvcr, wc have not yet clcmonstratcd the
ca]>abi]ity  of Processing non- conducting sam]]]c materials, an area which
wc ]>]an IIC) investigate in the near future. Wc have also limitcc] the
])roccssing! cnvircmmcnt only to nigh vacuum which has the advantage of
ensuring better samp]c  cleanliness. }Iowcvcr, for more volati]c  sample
matmials a gaseous environment may bc mom clcsirablc.  “J’hc heaviest
sample that an electrostatic ICwjtatc)r can levitate will bc limit cc] by the

brcakdowl]  vc)ltagc of the medium, but this problcm will bc alleviated in a
rcxlucccl-g cnvironmcl)t where the c o n t r o l  vo]tagc  can bc rcduccc] b y
several orders of magnitude.

Clnc im])c)rtant practical lesson wc have lcamccl is that in order to
conduct a successful Cx])crjmcmt onc must begin with a clean sam])]e (wjth
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rcduccd volatile cont,cnts)  and heat it slowly until it rcachcs thcrmionic
icn~]-)craturcs.

“J’hc Icvjtator dcscribc i n  this ])a}m- is primarily for Earth-b asccl
a]>}> licationlso It can, however, bc readily convcrtcd for o]xxation in a
rcducccl-g  Cnvjronmcnt. ‘1’hc isotropjc f o r c e  cnvjronmcni of space
suggests that an clcctroclc asscmb]y  having a ictrahcdral symmetry with
f o u r  sphcr.ical clcctrodcs  is prcfcrablc ] . A lesser control form required in
space may allow the ]jossjbi]ity of operating in a gaseous Cmvirollnlcllto “1’hc
design of a systcm specifically for space application is currently underway.

‘J’hc authors would like to thank l)r, W. 1 lofmcistcr  for his guic]ancc
in the  const ruct ion of  {hc silicc)n ])yromctcr  and l)r. K. Clhsa}<a for
provic]ing us with the alloys USCCI in the }Jrcscnt work. “J’his work was
ca r r i ed  out at the Jet IYopulsion  I.aborator. y. Cal i fornia  lnstitutc of
‘J’cchnology,  under contract with the National Aeronautics and @ace
A(ll~]il~istl-;itiol~.
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Fig. 10 Schematic cliagram of an electrostatic levitator in which the
sa)n})lc position is activc]y  controlled only alcmg the vertical
clircction. It rc]ics on a  two-dimensional  potcntia] well for
ccntcring in the lateral direction.

Fig. 2. Schematic diagram o f  t h e  h i g h  tclll}~cl-at~l~”c-}ligll  vacuum
clcctmstatic levitator clcsigncd for grouncl-based a]]plications.  ) is
the sample, 2 is the clcctt odc assembly, 3 is the focusing lens, 4 is
the sphcrica] reflector, 51> an(l 61) arc the position clctcctors,  51.
and 61. arc the IIc-Nc ]ascrs, 7 is the 1 -kW xenon lamp, 8 is the
viclco-camera with a telephoto lens, ancl 9 is {hc pyrometer.

Fig. 3. 1 ‘llotogra])h of the vacuum chambm with a sample being levitated
bcl.wcc!n the Clcctrodcs.

Fig. 4. Sclhcmatic diagram of the c]cctroclc  asscmb]y  (siclc and top views),
w h e r e  1 is the sam])lc$ 2 is the to]) clcctrodc,  3 is the bottom
clccirodc, 4’s arc the side Clcctrodcs,  and 5 is the hole which
allows access 10 the sample storage systcm.

Fig 5, Flcnv chart c)f the position control software.
l~ig. 6. User intcrfacc display used in {hc ])rcscnt  levitator. ‘J’hc cubical

box rc]>rcscnts  the s])acc bctwccn  Ihc c]cctroclc’s i n  wh ich  the
sam]>]c (the gray dot) moves in search of the set-point (the black
doo by feedback control. “1’hc staius column displays the sam]>]c
position, a])l)licd high vo] t ages, and the sam])lc tcmpcraturco  ‘J’hc
control parameter column shows the control parameter inputs.
“J’hc sam]>]c posi t ion,  the  cent I.ol vo l t age ,  and thc s a m p l e
tcnlpcraturc arc also dis])laycd in the form of oscillograms.

lrig. ~. (a). “J’oP clcctlodc  voltage at Illc momcni  of launch versus samp]c
clc:nsity at thmc samp]c diameters. Separation bctwccn the iop ancl
bottom clcctrodcs  is 8 mIn,
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(b). Samp]c charge at the moment of launch va-sus samp]c clcmsity
at three sample  diameters.

Fig. 8, ‘1’op clcctrodc voltage nccclcd to lcwitatc  t he  s ample  midway
bcl.wccn the clcctroclcs, ‘J’hc sam]dc  charge is assumccl to bc the
same as at launch.

l~ig, 9. (a) Elcctrodc ancl sample arrangements usccl jn the numerical
mcdcling of the jnitia]  ‘cold’ levitation. (b) The cqujvalcnt R-C
circuit, which was used to model the dynamjc sam]dc  charging
process under lJV irradiation.

l~ig, 10. ‘1’hc st,cacly state sam]-dc charge and the rcc]uirccl  levitation voltage
versus 0.. It was assume that the sample has a spherical shape and
that the stcacly state charge has been established while it is
lcvitatcc] midway bctwccn  the clcctroclcs.

Fig. 11. A ])hotograph  of  a  mol ten z i rconium sample  (2.3 mm cliamctcr)
being levitated at 2250  H.

l“ig, 12, ‘1’cm}~c]aturc v e r s u s tilnc as a su}>crhcatccl z i r c o n i u m  clrop
unclcrgocs radjativc  cooling.

l~ig. 13. “1’imc versus T - 3  o f  t h e  undcrcooling  scgmmt (bctwccn 0.3 - 1,6

see) shown in l~ig. 13.

l“ig. 14. Ncnmaljzccl  cumulative clistributicm  funclion  versus l)crcmtagc c)f

undcrcooling  for a 2.3 mIn cliametm samp]c of zirconium.
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